proposed a method of estimating the coronal magnetic field strengths (B) and magnetic loop lengths (L) of solar and stellar flares, on the basis of magnetohydrodynamic simulations of the magnetic reconnection model. Using the scaling law provided by Shibata & Yokoyama (1999 , 2002 , B and L are obtained as functions of the emission measure (EM = n 2 L 3 ) and temperature (T ) at the flare peak. Here, n is the coronal electron density of the flares. This scaling law enables the estimation of B and L for unresolved stellar flares from the observable physical quantities EM and T , which is helpful for studying stellar surface activities. To apply this scaling law to stellar flares, we discuss its validity for spatially resolved solar flares. EM and T were calculated from GOES soft X-ray flux data, and B and 
Introduction
Flares are the most energetic phenomena on stellar surface. It is widely believed that, during flares, magnetic energy is converted into kinetic and thermal energy through magnetic reconnection in the corona. Fast reconnection creates reconnection jets upwards and downwards from the reconnection region, and superhot components are formed on the top of the magnetic loop due to jet collisions (see e.g., Priest 1981; Shibata & Magara 2011; Shibata & Takasao 2016) . The heat conduction and non-thermal particles along the magnetic field transport the thermal and non-thermal energy from the reconnection region to the foot point, and chromospheric evaporation then occurs (Neupert 1968; Hirayama 1974) . Flares are observed with various wavelength ranges (Kane 1974) , and several aspects of the emissions can be explained by the above flare model. According to Feldman et al. (1995) , Shimizu (1995) , and Yuda et al. (1997) , there is a universal correlation between the temperature (T ) and emission measure (EM) among not only solar flares but also stellar flares. Shibata & Yokoyama (1999 , 2002 suggested a theoretical scaling law describing this correlation. Their theory is based on two-dimensional magnetohydrodynamic simulations of magnetic reconnection with heat conduction and chromospheric evaporation from a previous study (Yokoyama & Shibata 1998) , which showed that the reconnection heating (B 2 v A /4πL) is roughly balanced with the conduction cooling (κ 0 T 7/2 /2L 2 ) at the flare peak. They also assumed that the gas pressure (p) is comparable to the magnetic pressure (B 2 /8π) in the evaporated plasma. Here, v A is the Alfvén speed and κ 0 is Spitzer's thermal conductivity. They then deduced the following scaling law: 
where B theor is the coronal magnetic field strength, L theor is the loop length, T is the temperature and EM is the emission measure, defined as EM = n 2 L 3 . It should be noted that n is the electron density of the evaporated plasma, whereas n 0 is the pre-flare coronal electron density around the reconnection region. It has been shown empirically that the pre-flare coronal electron density does not vary significantly between flares and that n 0 ∼ 10 9 cm −3 (Yashiro 2000; Yashiro & Shibata 2001 ). The coronal magnetic field (B) and loop length (L) of a flare can therefore be calculated as functions of EM and T . We propose the following two examples as potential applications of this calculation method.
Firstly, the scaling law is important in the study of solar flares. Although it is believed that the magnetic field plays a significant role in flares, the mechanism is not completely understood, partly because of difficulties in measuring coronal magnetic fields. The scaling law is therefore helpful because it can be used to estimate coronal magnetic fields. For example, Watanabe et al. (in prep.) applied it to the study of flares associated with visible emission, called white-light flares. They statistically compared white-light flares with 'non-white-light flares', which emit no white light. Using this scaling law, they suggested that white-light flares tend to be associated with strong coronal magnetic fields.
Secondly, the scaling law could also be applied in stellar flare observations. Using the scaling law, the unobservable physical quantities B and L of stellar flares can be obtained from the observable physical quantities EM and T , which are measurable with soft X-ray observation (e.g., ASCA, Chandra, and XMM-Newton). In the past decade, many stellar and protostellar flares have been observed (e.g., Hawley & Pettersen 1991; Koyama et al. 1996; Tsuboi et al. 1998; Kowalski et al. 2010) , and recently, many superflares on solar-type stars have also been detected (Maehara et al. 2012; Shibayama et al. 2013) . The application of the scaling law to stellar flares has been useful in these cases. The basic structures of stellar atmospheres are considered to be very similar to that of solar atmosphere (Haisch 1989; Güdel 2002) , and the flare mechanism is thought to be the same (Hayashi et al. 1996) . Moreover, the estimated coronal magnetic field strength is roughly consistent with the observed values for the Sun and stars, 40-300 G (Rust & Bar 1973; Dulk 1985; Tsuneta 1996; Grosso et al. 1997) . For these reasons, the scaling law can be applied to stellar flares and has in fact been used as a diagnostic tool (e.g., Yanagida et al. 2004; Grosso et al. 2004; Mitra-Kraev et al. 2005; Tsuboi et al. 2016 ).
To apply the scaling law of Shibata & Yokoyama (1999 , 2002 to solar and stellar flares, it is necessary to test its validity. Yamamoto et al. (2002) investigated the length scales of solar flares and arcades by using the scaling law (Equation (2)), and they showed that the estimated values matched the observed values well. However, no one has tested its accuracy in calculating the coronal magnetic field strength (Equation (1)) because of the difficulty involved in measuring this parameter observationally. Aschwanden et al. (2008) commented on the necessity of statistical research on magnetic field strengths to test the scaling law. An effective test would involve investigating its validity on solar flares whose structures are spatially resolved. In this paper, we describe analysis of 77 solar flares from the Hinode Flare Catalogue (Watanabe et al. 2012) , shown in Table 1 -3. The flares of this catalogue occurred in between 2011 and 2014, and were observed with Hinode satellite (Kosugi et al. 2007) . For each flare, we present empirical estimation of the global coronal magnetic field strength of the reconnection region using Solar Dynamics Observatory (SDO) / Helioseismic and Magnetic Imager (HMI; Scherrer et al. 2012) and Atmospheric Imaging Assembly (AIA; Lemen et al. 2012 ) data and discuss tests of the scaling law on the coronal magnetic field strengths and the length scales of the flares. We demonstrate how to estimate these values theoretically and observationally in Section 2 and show the results of our tests of the scaling law in Section 3.
We should note here that other methods of estimating the loop length of stellar flares have been Reale et al. (1997) corrected this scaling law by incorporating the effect of the flare heating and also tested the validity of the scaling law using solar images. Hence, their estimation method has been widely used to estimate the stellar flare loop lengths (Reale & Micela 1998) . In contrast to the scaling law of Serio et al. (1991) , the application of the Shibata & Yokoyama (1999 , 2002 scaling law requires measurements of the observable quantities T and EM only at the flare peak. The detailed time evolutions of these quantities are not necessary in their model, which is advantageous since it is difficult to perform high-time-resolution observations of stellar flares. We compare the two scaling laws in Appendix 1.
Analysis

Theoretical Estimation
Assuming that the coronal electron density does not vary significantly between flare events (n 0 ∼ 10 9 cm −3 ), the coronal magnetic field strength (B theor ) and magnetic loop length (L theor ) of reconnection regions can be theoretically estimated as functions of T and EM, using Equations (1) and (2).
As illustrated in Figure 1 , reconnection regions are defined in this paper as global coronae in which magnetic energy is converted into kinetic and thermal energy, and flaring regions are defined as flaring coronal regions with bright soft X-ray or EUV emission. T and EM were calculated using a filter ratio method with GOES soft X-ray fluxes. In this method, we used the program goes chianti tem that is incorporated into the Solar SoftWare (SSW) package in IDL. We calculated the physical quantities required when EM was at a maximum, as the T value calculated by the filter ratio method is weighted by EM. 
Observational Estimation
Using an empirical relation, we observationally estimated the global coronal magnetic field strength where the magnetic energy was released. The analysis method was as follows. First, we defined the flaring regions in two different ways for comparison. The contours portrayed in the left of Figure 2 show the flaring regions, defined as (a) regions with intensities >30 DNs −1 and (b) regions with intensities >500 DNs −1 in the images taken with SDO/AIA 94Å at the flare peak. Second, the mean of the absolute values of the photospheric magnetic field strength inside the projections of the flaring regions to the photosphere (B) were given by SDO/HMI Magnetogram (see, Figure 1 and the right panel of Figure 2 ). The HMI images of very strong magnetic field regions could sometimes become saturated, so we replaced the saturated regions with the averages of the surrounding values. It is empirically known that the coronal magnetic field strengths of reconnection regions, B obs , are smaller by factors of ∼3 than photospheric ones, B (e.g., Isobe et al. 2005; Narukage & Shibata 2006 ), and we therefore observationally estimated the coronal magnetic field as B obs = B/3.
Although the coronal magnetic field strength can be extrapolated in the other ways (e.g., using a potential field or a force free field), we did not use these methods. It is not necessary to concern ourselves with measuring the coronal magnetic field strength exactly, since the scaling law itself still involves some error. In the analysis discussed in this report, we examined whether there was a positive correlation between the theoretically estimated magnetic field strength B theor and the roughly measured one B obs . In addition, we defined the observed magnetic loop length scale L obs as the square root of the area of the flaring region for simplicity and examined the relation between L theor and L obs .
Testing
Coronal Magnetic Field of the Flaring Region
We compared the theoretically estimated coronal magnetic field strength calculated using the scaling law (B theor ) with the observationally estimated one described in Section 2.2 (B obs ). respectively. The disk center is defined as the area whose radial distance from the solar center is less than 600 arcsec (solar radius ∼1000 arcsec). As expected, there is a positive correlation between B theor and B obs , regardless of the definitions of the flaring regions.
We obtained this positive correlation using only simple analysis, which supports the validity of the initial assumption that flares are caused by magnetic reconnection, as well as supporting the application to stellar flares. The scaling law makes it possible to estimate the magnetic field strengths of unresolved stellar flares without high-resolution spectroscopy or high-time-resolution photometry, as mentioned in Section 1. Such a simple method would be helpful for studying stellar flares, especially in large-sky surveys of nearby active flare stars. Statistical studies of stellar magnetic field strengths calculated using this scaling law may provide clues to understanding stellar activity. As demonstrated in Figure 3 , B theor is not in proportional to B obs , although it should be pro- ratio method with Y ohkoh's soft X-ray images, and the length scales of the flares and arcades were defined as the square root of the area of the flaring regions and the height of the arcades, respectively.
Considering applications to the stellar flares, we examined the validity of the scaling law using X-ray fluxes measured with GOES satellites, which is unable to resolve the structures.
As described in Section 2.2, the loop length scales of the flares, L obs , were measured as the square roots of the areas of the flaring regions with bright EUV emission in cases (a) and (b). Figure   4 shows comparisons between L obs and L theor . The open squares correspond to the M-and X-class flares discussed in this paper. The crosses indicate the C-, M-and X-class flare data measured by Akiyama et al. (2001) and the filled circles show the arcades measured by Yamamoto et al. (2002) . In case (a), in which the measured area is defined by a lower threshold (30 DNs −1 ), the measured loop length scale L obs tends to be larger than the theoretically estimated L theor . On the other hand, we can see that L theor roughly matches L obs with σ ∼ 0.56, in case (b), where the measured area consists of bright flaring components. The power law index is ∼0.89 for our data and ∼1.10 for all of the data, including that of Akiyama et al. (2001) and Yamamoto et al. (2002) .
These results show that the scaling law can be used to obtain accurate estimations of the magnetic loop lengths of flares. In combination with photometry to estimate stellar spot sizes, this method would be helpful for constraining the magnetic field structures of unresolved stellar flares. Shibata & Yokoyama (1999 , 2002 suggested a method of estimating the coronal magnetic field strengths and magnetic loop length scales of solar and stellar flares from observations with an instrument that is unable to resolve their structure. In this paper, we described tests of the scaling law on spatially resolved solar flares with GOES and SDO/HMI and AIA data and found a positive correlation between the theoretically estimated physical quantities obtained with the scaling law and the observationally estimated values. We consider this analysis to support the theory of magnetic reconnection indirectly and to enable the application of the scaling law in the two scenarios described in Section 1.
Summary and Discussion
First, the scaling law provides an important suggestion regarding the unsolved mechanism of white-light flares by showing that the coronal magnetic fields of flares with white-light emission tend to be stronger than that of flares with no white light (Watanabe et al. in prep) . This fact can be used to constrain white-light flare models, such as the model in which the main source of the flare optical continuum is the chromospheric condensation formed in the response of the chromosphere to flare heating (Fisher et al. 1985; Abbett & Hawley 1999) . The reconnection with the strong magnetic field can lead to strong white-light emission.
Moreover, this analysis enables the application of the scaling law to the unresolved stellar flares and the determination of unobservable physical quantities. We should take into account the following two features regarding the application of the scaling law to stellar flares. Firstly, it is necessary to measure the maximum T and EM values of the flares as described in Section 2. In stellar flare observations, T does not vary significantly during flares, regardless of the time cadence of the observations, while the maximum EM may be reduced by a factor of 2-3 with long-exposure-time observations (e.g., Tsuboi et al. 2000) . This results in an increase in the estimated loop length by a factor of 1.5-1.9 (see, Equation (2)) and does not affect the estimation. Secondly, it may be necessary to measure the pre-flare coronal density n 0 , especially in the case of stellar flares, because n 0 may be higher by an order of magnitude for active stellar atmospheres and the estimated loop length can then be lower by a factor of ∼3.
Finally, we emphasize the usefulness of this method for stellar observations as follows:
1. It can be used to estimate unobservable physical quantities theoretically, such as the coronal magnetic field strengths and loop lengths of unresolved stellar flares.
2. The application of the scaling law requires only photometric observations with an instrument that has a high sensitivity and moderate spectral resolution. Such a simple method would be useful in a large-sky survey of nearby active stars.
3. Additionally, the scaling law requires measurements of observed quantities only at the flare peak, while other scaling laws require time-evolution data of the rising or decay phases of flares. As we noted, the estimation for the scaling law presented does not require high-time-cadence observations, which is advantageous, especially in the case of impulsive flares. 
Appendix 1 Comparison with Reale et al. (1997)
We examined the validity of a scaling law proposed by Reale et al. (1997) by applying it to the same flare catalogue used in this paper. As explained in Section 1, Serio et al. (1991) first derived this scaling law for a flare loop in the decay phase. By incorporating the effect of heating during the decay phase into the scaling law, Reale et al. (1997) corrected it as follows:
where τ LC is a light curve decay time, α is 3.7 × 10 −4 cm −1 sK 1/2 , ζ is the slope in the √ EM -T diagram in the decay phase, and F (ζ) is the correction function:
where c a = 5.4 ± 1.5, ζ a = 0.25 ± 0.04, and q a = 0.52 ± 0.16. In this study, we used GOES soft X-ray fluxes to measure T , τ LC and ζ. As described by Reale et al. (1997) , τ LC is defined as the time taken for the GOES count to decrease by 1/e from its maximum value. The slope ζ of the
was measured with a linear regression method, and the measured ranges were determined by eye as the ranges in which the slopes appeared straight in the diagrams. The measured values are listed in Table 1 . We selected events that met the following condition:
1. They were listed in this paper and Reale et al. (1997) .
2. They satisfied the conditions in which the Reale et al. (1997) scaling law holds.
3. ζ ≤ 1.2 (a range consistent with Reale et al. (1997) ).
We then compared the estimation methods of Shibata & Yokoyama (1999 , 2002 with that of Reale et al. (1997) . Note that the ζ values in many flares were unmeasurable (see Table 1 ).
Figures 5 and 6 show comparisons of the two scaling laws. In this analysis, we measured the flaring loop lengths in two ways. The loop length in Figure 5 is defined as the square root of the area of the flaring regions measured with SDO/AIA 94Å, and the loop length in Figure 6 is the distance between two ribbons measured with SDO/AIA 1600Å. The left and right panels in each figure show the results of Shibata & Yokoyama (1999 , 2002 and Reale et al. (1997) . The unfilled squares correspond to the flares listed in this paper, and the circles indicate those selected by Reale et al. (1997) to test their scaling law. The filled circles are events for which the flare loops were clearly measured, and the unfilled ones are events for which flare loops were too complex to measure. The estimated values obtained with both scaling laws are consistent with the true values, except for in some individual events. In the right panels of Figure 5 and 6, the loop length estimates from Reale et al. (1997) are scattered. This scattering is present because, while Reale et al. (1997) measured ζ using the spatially resolved images taken with Yohkoh, it is difficult to measure well-defined ζ values with GOES satellite, which observes the entire solar surface. The overall solar emission measure EM s ∼ 10 48−49 cm −3 is comparable to the flare value of EM ∼ 10 49 cm −3 , which makes it difficult to measure ζ precisely, especially in observations of flares on solar-type stars (G stars). Another reason is that there is a difference between the instruments used by Reale et al. (1997) and those used by this study. Reale et al. (1997) used the light curves with Yohkoh Al 11.4 µm filter band, which is sensitive to a few mega-Kelvin, while we used GOES 1-8Å pass band, which is sensitive to a few tens of mega-Kelvin.
Finally, we compared the practicality of the two scaling laws. Reale et al. (1997) 's scaling law requires time-evolution data for the flares to estimate physical quantities, while that of Shibata & Yokoyama (1999 , 2002 does not require high-time-cadence observations, as noted in Section 4. This is a significant advantage because it is difficult to observe stellar flares with high time cadence.
Moreover, methods that use decay or rising phases introduce additional uncertainties, since the soft Xray light curves of flares are superpositions of light curves of several flaring loops that reconnect one after another. In terms of application to stellar observations, we consider the scaling law of Shibata & Yokoyama (2002) to be more useful for estimating the physical parameters of unresolved stellar flares. Reale et al.(1997) [Two Ribbons Distance] Flares in This Study
Flares in Reale   Fig. 6 . Left and right figures show comparisons between the observationally measured and theoretically estimated loop lengths using the scaling law of Shibata & Yokoyama (2002) and Reale et al. (1997) , respectively. The loop lengths were measured as the distance of two ribbons in images taken by AIA 1600Å. Since it was difficult to measure the distances between the two ribbons at the flare peaks due to the saturation of the images, we analyzed the images 5 min after the flare peaks. The distances were measured by eye between the brightest points of the flare ribbons. Table 1 . Physical paremeters of flares. Table 2 . Physical paremeter of flares (continued). Shibata & Yokoyama (2002) .
Observationally measured physical quantities in the case of (a). # Observationally measured physical quantities in the case of (b). * * Theoretically estimated loop length by Reale et al. (1997) . † † Flare duration defined as e-folding decay time of soft X-ray intensity. ‡ ‡ The trajectory of √ EM − T diagram.
